Abstract -A stirred fluidized bed has been used with the aim of crystallizing skim milk powder from spray drying without caking the powders. The skim milk powder was crystallized in a stirred fluidized bed, then a sorption box was used to characterize the stability and a standard flow tester for dairy powders was used to measure the flowability. The results showed that the samples from the fluidized bed did not adsorb as much water as the original samples, suggesting that the samples from the fluidized bed were more stable than the original samples. The results of the flowability tests showed that the samples from the stirred fluidized beds were significantly more free flowing than either the caked samples from the sorption box or the original samples. This preliminary study indicates that fluidized-bed processing is a promising method for crystallizing some dairy powders.
INTRODUCTION
New engineered powders in industries producing consumer, pharmaceutical, and food materials often face challenges due to powder stickiness, which may affect the flowability and the stability of the powders. Powder flowability is important in handling and processing operations [3, 5, 6, 11] . Flow problems in hoppers and silos are commonplace problems for engineers and process operatives [10] . It has been well known that the stickiness and amorphous nature of the material depend on the glasstransition temperature of the material and the environmental conditions. When an amorphous component is exposed to particular conditions of temperature and humidity, the molecules in amorphous solids can mobilize and crystallize. The crystallization process leads to water being expelled from the solid desorption, since the crystalline form of the solid is more compact than the amorphous form. The expulsion of water leads to liquid bridges, which are formed between powder particles. These bridges can make the particles cohere to each other, and the solidification of liquid bridges leads to powder caking [14] , which then accompanies the crystallization process. Reducing stickiness in materials may be achieved through partial or complete crystallization of the sticky amorphous components, which may reduce the caking that is associated with crystallization.
Crystallization can be carried out on belts (the Niro Tixotherm ™ process and the APV Paradry ™ process [12] ). Fluidized-bed processing offers the advantage that fluidized beds are already present at the end of (or integrated with) spray dryers in dairy processing to do further drying. It is possible, with the approach proposed here, to operate them to do further crystallization and hence stabilization of the final powders.
Factors that are related to the crystallization process include, as reviewed above, temperature and humidity. This project investigates a potential method for crystallizing materials after spray drying without caking them, using a stirred fluidized bed to crystallize powders while agitating them to reduce the formation of liquid and solid bridges. The temperature and the humidity were controlled in the fluidized bed, in order to crystallize skim milk powder. After skim milk powder was treated in a fluidized bed, sorption behaviour and flowability were tested. Then the stability and the flowability of the powder were compared with those of the skim milk powder that was crystallized and caked in a static controlled temperature and humidity air environment.
MATERIALS AND METHODS
Skim milk powder (Coles, Australia), which was a spray-dried material, was used in this project. This powder had a moisture content of 4.6% (dry basis), as received. This material was used because it showed the moisture caking instability that was characteristic of amorphous powders, in that the material formed a solid cake after 24 h in an ambient environment of 23 ± 3°C and a relative humidity of 60 ± 10%. The material was therefore representative of an amorphous lactosecontaining powder that could be stabilized by processing it in a fluidized bed.
The powder was crystallized in a stirred fluidized bed, and the air in the fluidized bed was kept at controlled temperature and humidity. A diaphragm pump (Type: N022Sve, 220 V, 50 Hz, 0.08 kW, Dwyer Instruments Inc., USA) was used to move air into the fluidized bed and through the powder. Before the air was pumped into the fluidized bed, the temperature of the air was controlled by a water bath, which was kept at 25°C, and the humidity was controlled by bubbling the air through a bottle, which contained a saturated NaCl solution or a saturated CaCl 2 solution to get different air humidities (70-75% relative 346 Z. Liang, T. Langrish humidity for NaCl solution and 30-35% relative humidity for CaCl 2 solution) [8, 15] . The line diagram in Figure 1 shows the apparatus that was used to treat skim milk powder. The skim milk powder was placed into the fluidized bed in a section of 100 mm diameter, and then the stirrer and the pump were switched on. The flow rate of air was around 20 L·min Control of crystallization and caking of skim milk powder 347 and the dry-bulb temperature in the fluidized bed was kept at 23 ± 0.5°C. Two sets of experiments were designed to treat the powder over different time periods. In one set of experiments, the system was kept running for 6 h, while in the other set of experiments, the system was kept running for 22 h. The samples were then collected for further measurement and characterization.
Characterization of products
Moisture contents were determined using a gravimetric measurement method with a fan-forced drying oven (Thermoline TD-150F, Sydney, Australia) over a period of 24 h at temperatures of 85-100°C. Measurements of the sample weights were taken using a Mettler Toledo AB204-S analytical balance. The samples were left inside a sealed desiccating container with a relative humidity of 73% and 25°C, which is called a sorption box. Then the samples were monitored for moisture change as a function of time, indicated by weight gain and loss. The reasons for the weight gain and loss of the powder were that the spray-drying process produced amorphous particles, such as skim milk powder, and they tend to crystallize [4, 5] . Amorphous components are thermodynamically unstable and tend to crystallize, and the presence of sufficient moisture allows them to move and hence crystallize, giving a more compact solid than the amorphous form. In the crystallization process, water is being expelled from the solids [1] . Lehto et al. [9] suggest that the amount of water expelled during crystallization is an indication of the degree of crystallinity and stability of the solids.
Three powder treatments were tested by a standard flowability tester for dairy powders [13] . The three kinds of skim milk powder were (a) the powder that was treated in the fluidized bed, (b) the powder that was crystallized and caked in the sorption box, and (c) the original powder. The results of the flowability test were indicated by the percentage masses flowing out of a flowability tester as a function of time. The flowability tester was a cylinder that was rotated by a small electric motor. The inside diameter of the cylinder was 120 mm and its length was 100 mm. There were two slots that were located opposite to one another in the wall of the cylinder for the material to flow out. The flowability tester is sketched in Figure 2 . The size of the two slots was 70 mm × 4 mm, and the rotational speed of the cylinder was 34.5 rpm. The masses of the powder flowing out of the tester were measured using a Mettler Toledo PL6001-S balance (± 0.1 g).
RESULTS AND DISCUSSION

Sorption tests
From the sorption box tests (as described in Chiou et al. [2] ), the data collected for the mass change as a function of time were converted into moisture content changes and plotted. Figures 3 and 4 show the characteristic behaviour of amorphous samples, in that the process of crystallization involves the initial adsorption of water [9] , followed by desorption as crystallization occurs. The final moisture content can be greater than the initial moisture content if there is moisture trapped in the final crystalline structure. All the percentage moisture changes are in terms of the mass of moisture divided by the dry mass of material, multiplied by 100 to give percentages. Control of crystallization and caking of skim milk powder Figure 3 shows an overall gain of 6-8% in moisture content, initially 8-10% before crystallization, in the mass of the untreated sample. Again, as shown in Figure 4 , the overall mass gain is about 3% and 3.5% before crystallization of the skim milk powder exhibiting sorption behaviour which was treated in a fluidized bed with different solutions controlling the relative humidity. The samples treated in the fluidized bed did not adsorb as much water as the original samples, showing that the samples from the fluidized bed are more stable than the original samples [9] . A typical error bar is included in Figure 4 to show the magnitude of the uncertainty in the moisture content change. The uncertainty in the time was smaller than the line thicknesses in these figures. The percentage changes in moisture content are relative to the final moisture contents in the samples. Table I shows the flowability of the different samples that were produced. Three repeat experiments were carried out, shown in each section to show the repeatability of the treatment and the testing. The total mass is the amount of sample that was put in the flowability tester. The mass out is the mass that came out from the flowability tester, and the percentage is the percentage of the total mass that emerged. Only between 41% and 51% of the inserted sample came out of the tester for the heavily caked sample from the sorption box (with the original sample), because the sample was so Control of crystallization and caking of skim milk powder 351 heavily caked. The time is the total time that was taken for the amount of sample that actually emerged to flow out of the tester. Figure 5 shows the percentage of the powder that emerged from the tester as a function of time from the first experiment with each treatment. It is clear that the caked sample from the sorption box (70-75% relative humidity, 25°C) is significantly less free flowing than the same original sample, but that the samples from the fluidized beds are significantly more free flowing than either the caked samples from the sorption box or the original samples. Photographs of the samples that were allowed to crystallize by water sorption in the sorption box (Fig. 6a) show that they were heavily caked and hence had poor flowability. The samples treated in the fluidized bed for 6 h (Fig. 6b ) and 22 h (Fig. 6c) showed much greater visible flowability, in agreement with the results from the flowability tester shown in Figure 5 . While the processing times reported here are long relative to the times typically employed in fluidized-bed drying (5-30 min), there is considerable future work to be done on which dairy products are most suitable for this processing and how to operate the fluidized beds to best do this processing. These preliminary results should not be seen as dismissing the potential to process some dairy products in this way.
Flowability tests
CONCLUSIONS
These results show that the samples that were treated in the stirred fluidized bed were more free flowing and more stable with respect to (less) moisture adsorption than the untreated samples. Future work may include the use of higher temperatures in the fluidized bed, at similar relative humidities, in order to treat the samples more quickly [7] . Such work may necessitate redesign of the stirrer inside the fluidized bed. The aim of the redesign is to make the rotational speed of the stirrer faster, and the effect of the shape and the position of the stirrer will be studied [8] .
